The γ-secretase is a unique multi-subunit integral membrane protease which cleaves single path transmembrane proteins inside the membrane. Besides the generation of the apoptotic intracellular peptides from amyloid precursor protein (APP), γ-secretase also plays important roles in the processing of over 90 reported type I transmembrane protein substrates[@b1]. Four major components are well-known to be responsible for the γ-secretase activity: Presenilin, the catalytic core protein; PEN-2, a potential promotor of presenilin endoproteolysis and a stabilizer of active presenilin fragments; APH-1, a scaffolding protein for the whole γ-secretase complex; and nicastrin, the substrate recognizer.

Nicastrin has the largest molecular weight among the four components of the γ-secretase complex. It consists of 709 amino acids including an N-terminal signal peptide, a large extracellular domain (ECD, residues 34--663) and a single transmembrane (TM) domain followed by a partially membrane-associated C-terminus[@b2][@b3]. In the γ-secretase complex, nicastrin interacts directly with APH-1 through the TM, while an α-helix and its surrounding loops in the ECD of nicastrin interact with the C-terminus of PEN-2[@b4][@b5]. Mature nicastrin contains 16 potential N-glycosylation sites which add 30 to 70 kDa to its molecular weight[@b6]. This extensive glycosylation protects the protein from degradation, but has been found to be not essential for the γ-secretase activity[@b7][@b8][@b9][@b10]. Therefore, by expression in *E. coli* appears to be a sensible route for this protein to achieve high protein yields.

In addition to the Alzheimer's disease-related functions, nicastrin has been reported to be relevant for breast cancer[@b11][@b12] and acne inversa[@b13][@b14]. However, the role of nicastrin in the γ-secretase complex is controversial. Initially, the large extracellular domain of nicastrin has been characterized as the substrate recognition executor by binding to the free amino terminus from the ectodomain of γ-secretase substrates (e.g. APP C83 or C99)[@b2][@b15][@b16]. Particularly, the Glu^333^ of nicastrin and its nearby residues have been proven to be important for substrate recognition[@b15][@b17]. Antibodies generated against the ECD of nicastrin have shown the capability of γ-secretase inhibition[@b18][@b19]. Based on the crystal structure of the ECD from a *Dictyostelium purpureum* homolog (sharing 23% identity and 40% similarity with the human nicastrin) and the cryo-EM structure of γ-secretase, a working model of nicastrin as a substrate receptor involving a rotation of a lid region in the ECD has been suggested[@b5][@b20]. Other studies have pointed out that instead of contributing to the enzymatic function of γ-secretase, nicastrin is involved in the complex maturation (stabilisation)[@b9][@b21]. And in contrast to earlier results, the free amino group at the N-terminus of the substrate notch seems to be of no importance for nicastrin-induced recognition[@b22]. Furthermore, deletion of the lid domain in the ECD of nicastrin which has been supposed important for substrate binding does not show the expected regulation effects on the γ-secretase substrate processing[@b23]. Therefore, a novel steric block mechanism has been proposed which requires nicastrin as a gatekeeper but not for active substrates recruitment[@b22].

Upon inhibitor/substrate binding remarkable conformational changes of nicastrin ECD have been observed in the γ-secretase complex isolated from mammalian cells[@b7][@b24][@b25]. But the basic mechanism of the nicastrin-involved substrate recognition is still unresolved. To further elucidate this topic, here we established an efficient protocol to produce properly folded and functional full-length human nicastrin (hNCT) from the recombinant *E. coli* expression system with a yield of \>1 mg protein per liter cell culture, characterised the biophysical properties of the protein and investigated the formation of the initial substrate sub-complex of nicastrin and the M. Alzheimer precursor peptide APPC100, which is processed by the γ-secretase complex to the filament forming Aβ.

Results
=======

Construction and expression of hNCT
-----------------------------------

The first 33 amino acids of nicastrin comprise a cleavable signal peptide and are required for the transport in mammalian cells[@b26]. In the current study, this signal peptide was not included and the full-length hNCT construct was designed containing residues 34 to 709 and a deca-histidine affinity tag at the N-terminus. Over-production of mammalian membrane proteins using heterologous hosts, especially *E. coli* cells often encounters severe problems such as growth suppression and cell death, which limit the production of the target proteins. For hNCT using a standard BL21 (DE3) *E. coli* cells, better expression was obtained than when using the well-known Walker strain C43, which is often used for membrane proteins[@b27]. By expression at a temperature of 16 °C, over 50% of BL21 (DE3) expressed hNCT was found in the membrane fraction (see [Supplementary Fig. S1](#S1){ref-type="supplementary-material"}).

Detergent screening and isolation of hNCT
-----------------------------------------

Detergents from different classes (non-ionic, zwitterionic and ionic detergents) were screened for solubilisation of hNCT. For most detergents tested, hNCT displayed severe aggregation, which indicated insufficient capacities of these detergents to solubilise hNCT or a low stability of hNCT under these conditions ([Fig. 1](#f1){ref-type="fig"}). CHAPSO was extensively used in purification and activity assays for the γ-secretase complex[@b28][@b29], but it showed poor solubilisation ability for *E. coli* expressed hNCT in this study. Most proteins remained in the pellet fraction after solubilisation with NG, OG, and CHAPSO. CYMAL-6, LDAO, and DDM showed partial solubilisation of hNCT, but failed in preventing hNCT from aggregation. The phosphocholine detergents (FOS-choline 12, FOS-choline 14 and FOS-choline 16) exhibited the best solubilisation efficiency. An almost complete solubilisation was achieved by FOS-choline 14 (FOS14) and FOS-choline 16. Nonetheless, hNCT solubilised by FOS-choline16 formed SDS-resistant aggregates. Thus, FOS14 was selected for its solubilisation capacity.

Isolation of hNCT was carried out by a Ni-NTA affinity chromatography and subsequent size exclusion chromatography (SEC). The apparent molecular weight of the FOS14-hNCT complex (peak II, [Supplementary Fig. S2](#S1){ref-type="supplementary-material"}) was determined as 362 kDa indicating a tetrameric hNCT. Mass spectrometric (LC-MS/MS) analysis combined with western blotting confirmed that the 72 kDa band represented the full-length hNCT construct including the affinity tag with a sequence coverage of 58% and a score of 480.36 (Sequest HT). The sequence coverage included the complete C-terminus after the transmembrane domain (see [Supplementary Fig. S3](#S1){ref-type="supplementary-material"}).

Biophysical characterization of FOS14-purified hNCT
---------------------------------------------------

FOS14-purified hNCT samples were analyzed by circular dichroism (CD) and fluorescence spectroscopy to evaluate the protein quality and integrity (secondary and tertiary structure). The hNCT exhibited the characteristic far-UV CD spectrum of a α-helical protein with CD minima at 208 and 222 nm ([Fig. 2a](#f2){ref-type="fig"}). Deconvolution of the CD spectrum using the CDSSTR algorithm showed a secondary structure of 31% α-helix, 23% β-sheet, and 13% turns. The normalized root mean square difference (NRMSD) of 0.02 indicated a good agreement between the calculated and the experimental data sets. The calculated secondary structure of hNCT is broadly in agreement with the secondary structure obtained from the EM structure[@b5].

Far-UV CD, tryptophan fluorescence and near-UV CD spectra of hNCT were recorded to evaluate the thermal stability of this detergent-protein complex. A severe loss of helical structure was observed at temperatures above 64 °C in the far-UV CD spectra. The fluorescence spectra of native hNCT showed an emission maximum at 335 nm indicating most of the Trp residues are in a relatively hydrophobic microenvironment[@b30]. A 4 nm red shift (from 335 nm to 339 nm) of the emission maximum was observed upon thermal denaturation suggesting the presence of heating-induced changes of tryptophan environment from hydrophobic to solvent-exposed ([Fig. 2b](#f2){ref-type="fig"}). The presence of tertiary structure was further confirmed by near-UV CD spectra ([Fig. 2c](#f2){ref-type="fig"}). Significant changes in the emission spectra of the phenylalanine (255 nm--275 nm) and of tryptophan (290 nm--300 nm) were induced by heating. A residual near-UV CD-signal at 100 °C indicated an interaction of the chromophores by aggregation. The aggregation during the denaturation process of hNCT was also observed from the amount of SDS-resistant aggregates ([Fig. 2d](#f2){ref-type="fig"}). A temperature-induced transition of α-helix to β-sheet was observed ([Fig. 2e](#f2){ref-type="fig"}). The CD signal obtained at 208 nm showed a melting temperature (T~m~) of 59.1 ± 1.2 °C for a helical structure ([Fig. 2f](#f2){ref-type="fig"}). The tertiary structure of the hNCT-detergent complex exhibited a thermal stability with a T~m~ of 59.2 ± 2.1 °C ([Fig. 2f](#f2){ref-type="fig"}). These results suggested that the FOS14 purified hNCT represents a well-folded, thermostable protein-detergent complex.

Interaction of FOS14-purified hNCT and APPC100
----------------------------------------------

In the γ-secretase complex, nicastrin has been proposed to be the substrate recognizer[@b15][@b31][@b32]. APPC100, a well-known γ-secretase substrate which consists of the C-terminal 100 amino acids of the amyloid precursor protein was employed to investigate the substrate interaction. To determine whether detergent purified hNCT physically associates with APPC100, the N-terminal His-tagged hNCT and the C-terminal Flag-tagged APPC100 were subjected to pull-down assays using Flag resin or Ni-NTA agarose.

The FOS14 purified hNCT was captured by APPC100 bound to the Flag resin and co-eluted with APPC100 ([Fig. 3b,c](#f3){ref-type="fig"}), but not in the control experiment in the absence of APPC100 ([Fig. 3a](#f3){ref-type="fig"}). Similarly, Ni-NTA agarose pulled down His-tagged hNCT together with APPC100 from the mixture of separately expressed and detergent purified proteins ([Fig. 3d](#f3){ref-type="fig"}), as well as from a mixture of hNCT and APPC100 which were co-expressed from a cell-free system in the presence of Brij 35 (see [Supplementary Fig. S4](#S1){ref-type="supplementary-material"}). These observed interactions were not mediated by unspecific binding of the hydrophobic regions of these two membrane proteins, as there was no retention observed for a control membrane protein by APPC100 on the Flag resin (see [Supplementary Fig. S5](#S1){ref-type="supplementary-material"}).

A more detailed assessment of the interaction was obtained using microscale thermophoresis (MST). In the measurements of APPC100 and dye-labelled hNCT, microscale thermophoresis data for concentrations of APPC100 up to 20 μM gave an apparent dissociation constant (KD) in the range of 1--2 μM ([Fig. 3e](#f3){ref-type="fig"}). In contrast, the reverse titration of hNCT to NT647-APPC100 (40 nM) yielded a hill shape MST signal indicated a biphasic event (see [Supplementary Fig. S6](#S1){ref-type="supplementary-material"}). The isolation of the hNCT-APPC100 complex by affinity pull-down assays with an apparent dissociation constant of 1--2 μM confirms that detergent purified hNCT binds the γ-secretase substrate APPC100.

Discussion
==========

Nicastrin consists of 709 amino acids but contains only one transmembrane domain (residue 665 to 697) near the C-terminus of the protein. Nevertheless, this large protein was found in the membrane fraction after cells lysis, though expression in C43 *E. coli* host cells did not improve the yield. Purification and characterization of the *E. coli* expressed full-length hNCT were only successful for protein solubilized by FOS14 from the membrane fraction. Other detergents, such as CHAPSO or DDM, led to either poor solubility or poor homogeneity and purity of the target protein. Previous studies have proven the compatibility of FOS-cholines with γ-secretase purification[@b33][@b34]. FOS-choline detergents have also been applied successfully for GPCRs[@b35][@b36][@b37] and ABC transporters[@b38][@b39]. The preference of hNCT for the FOS-choline detergents is likely due to the lipid-mimicking properties of these detergents, which assist in retaining a proper folding of the transmembrane domain of hNCT or its relation to the ECD. A binding of phospholipid to the nicastrin TM region has been observed in the cryo-EM structure of γ-secretase[@b5], which further supports our observation of detergent preference based on the lipid-mimicking property.

Expression in *E. coli* and solubilisation with FOS 14 allowed isolating the well-defined tetramer of hNCT. An uncharacterized homo-oligomerization of nicastrin has been observed in mammalian cell lines which stably expressed all components of γ-secretase[@b40]. Thus, the hNCT tetramer can form through at least two possible interaction surfaces: a TM interaction surface which is covered by APH-1 in the γ-secretase complex[@b5]; and the uncharacterized surface which interacts with other nicastrin[@b40].

The tetrameric hNCT exhibited a proper, thermally stable fold with a melting temperature of ca. 59 °C. Upon thermal denaturation, the tetrameric hNCT undergoes an aggregation-dominated process which affects both the near-UV CD and fluorescence measurements. The intrinsic tryptophan fluorescence of hNCT did not show a two-state transition upon thermal denaturation, which was similar to the aggregation affected denaturation of β-galactosidase[@b41]. In a denaturation accompanied by an aggregation process, aromatic residues may not change their microenvironments substantially, which diminishes the typically observed change of the signal in the near UV CD or fluorescence spectra.

The exact role of nicastrin in the γ-secretase complex has been controversial. Whether it conducts a residue-based selection and active recruitment of the substrate[@b15] or it acts just as a steric block to keep the substrates with larger ectodomain away from the enzyme[@b22] is still unclear. In our pull-down assays, the physical interaction of detergent purified hNCT and APPC100 were shown. In the control experiment, another membrane protein did not bind to APPC100 suggesting this interaction was not caused by the random transmembrane domain aggregation but by specific binding. The biphasic binding behaviour of hNCT and labelled APPC100 appears similar to the results reported for the interaction of AMA1 and RON2[@b42], which are likely caused by the existence of different forms of sub-complexes. For γ-secretase different sub-complexes, respectively conformations thereof, are discussed[@b43] regarding the translocation of the substrates from the initial docking site ([Fig. 4a](#f4){ref-type="fig"}) to the cleavage site ([Fig. 4b](#f4){ref-type="fig"}). Furthermore, detergent purified APPC100 forms oligomers[@b44][@b45], which may reduce the apparent affinity and cause more complex binding behaviour when increasing the concentration of hNCT.

The apparent dissociation constants of 1--2 μM between APPC100 and labelled hNCT obtained from MST experiments is considerably larger than the mid-nM range K~D~ estimated for the γ-secretase complex expressed in mammalian cells for the substrate Notch[@b22]. But the low-μM K~D~ value obtained here is consistent with the initial-docking-site-model for the recognition of substrate by γ-secretase, especially if additional interactions between substrate and PEN-2[@b43] in the complex are considered.

The expression of full-length nicastrin in *E. coli* and the solubilisation by FOS14 allowed purification of a stable tetramer of nicastrin that binds the substrate APPC100 to form a sub-complex of the proposed initial-docking-site-complex of γ-secretase.

Methods
=======

Plasmid construction and optimized expression of hNCT
-----------------------------------------------------

The human nicastrin cloning vector was purchased from GeneArt^®^ Gene Synthesis service (gamma-secretase subunit nicastrin, Homo sapiens, Q92542). The synthetic sequence encoded the nicastrin gene with a deca-histidine tag following by a Factor Xa cleavage site at the N-terminus of the protein. It was codon-optimized for the expression in *E. coli* cells. The construct was subcloned into the pQE2 vector (Qiagen) by standard cloning strategies using the 5′-NdeI and 3′-XhoI restriction sites. The construct's identity was verified by restriction analysis, as well as DNA sequencing (Seqlab, Germany).

The pQE2 plasmid containing hNCT gene was transformed into *E. coli* BL21 (DE3) or C43 (DE3) strains. Cell cultures were grown from single colonies in TB medium supplemented with 50 mg/l Kanamycin at 37 °C to an OD~600~ = 1. The expression of the recombinant protein was induced by addition of 0.4 mM isopropyl-β-thiogalactopyranoside (IPTG). After overnight incubation at 16 °C, cells were harvested by centrifugation (5,000 × g, 30 min, 4 °C). Cells pellet were subsequently subjected to osmotic shock to remove the periplasmic fractions[@b46] and frozen at −80 °C for storage.

Membrane preparation and detergent screen
-----------------------------------------

Cell pellets were stirred for re-suspension in 8 ml lysis buffer (20 mM HEPES, 10% glycerol, pH 7.4) per gram pellet in the cold room for at least 1 hour. EDTA-free protease inhibitor (Roche) 1 tablet/50 ml buffer, 1 mM PMSF, 1 mg/ml Lysozyme and 5 mg/50 g cell pellet DNase I was added to the lysis buffer freshly. The suspension was then passed through an EmulsiFlex-C3 high-pressure homogenizer (Avestin, Inc.) for 5--10 cycles with a pressure of 15 000 to 20 000 psi. Additional 10 mM EDTA and 300 mM NaCl were added to the lysate afterwards. The suspension was centrifuged at 900 × g for 15 min to remove unbroken cells. The obtained supernatant was centrifuged at 10 000 × g for 30 min to remove inclusion body. Finally, membrane fractions were collected by an ultracentrifugation at 100 000 × g for 1 hour. The membranes were washed 3 times with high salt lysis buffer (20 mM HEPES, pH 7.4, 10% Glycerol, 500 mM NaCl), and homogenized by a Dounce homogenizer with storage buffer (20 mM HEPES, pH 7.4, 40% Glycerol, 150 mM NaCl). All centrifugations were performed at 4 °C.

In total, 10 commonly used detergents from all three classes were tested for their solubilisation of hNCT protein. N-Lauroylsarcosine sodium salt (NLS) was used as a positive control for complete solubilisation of the target protein. Solubilisation buffers were prepared to contain 1 or 2% (w/v) detergent. The screening was carried out by diluting membrane stocks into different solubilisation buffers with a ratio of 4--8 ml solubilisation buffer per gram wet cell pellets and incubated overnight at 4 °C with gentle agitation. The mixture was then subjected to ultracentrifugation at 100,000 × g for 1 hour before analysed by SDS-PAGE analysis. The detergent to protein ratio was further optimized based on the expression level: A volume of 6--8 ml solubilisation buffer (0.6% FOS14) per gram wet cell pellet was used to achieve an optimal solubilisation of the target protein.

Protein purification and western blot detection
-----------------------------------------------

Solubilised detergent-protein complexes were incubated with nickel-nitrilotriacetic acid (Ni-NTA) agarose (Qiagen) at 4 °C for 2 hours before transferring the slurry to an empty PD-10 column. In total, 20--30 column volumes (CV) of washing buffer were used in 3 washing steps: 20 × CMC of detergent, 500 mM sodium chloride and imidazole (30 mM). The target protein was eluted in 5 × 1 CV elution buffer with 250 mM imidazole. The eluted fractions were pooled and concentrated using a 50-kDa cut-off concentrator (Amicon^®^ Ultra-15, Merck Millipore Ltd.) to 2 ml before loading to the size exclusion column. A HiLoad Superdex 200 prep grade column was connected to an Akta Explorer FPLC system (GE Healthcare) and equilibrated with SEC buffer (20 mM HEPES, pH 7.4, 10% Glycerol, 150 mM NaCl, 2 CMC detergent). SEC was performed at 0.2 ml/min.

10% SDS-PAGE gels were used for visualizing hNCT (15% SDS-PAGE gels for APPC100) with prestained protein molecular weight marker (PS-105, Jena Bioscience) or BenchMark™ Protein Ladder (10747012, ThermoFisher Scientific). Protein samples were prepared by adding 5 × loading buffer and incubated at 46 °C for 10 min prior to avoid membrane protein aggregation. For western blotting, the transfer was performed using 0.45 mm nitrocellulose membrane and Trans-Blot^®^ Turbo™ Transfer System (Bio-Rad Laboratories, Inc.). After membrane blocking in milk (5% non-fat dried milk in TBST) for 1 hour, membranes were incubated with the respective antibody: a monoclonal anti-polyhistidine antibody (A7058, Sigma) for hNCT detection; or OctA-Probe Antibody (H-5) (sc-166355, Santa Cruz Biotechnology) for APPC100 detection. For visualisation of enhanced chemiluminescence (ECL) the Gel Doc XR^+^ System (Bio-Rad Laboratories, Inc.) was used.

Secondary structure and thermal stability analysis by CD and fluorescence spectroscopy
--------------------------------------------------------------------------------------

Far-UV CD and fluorescence spectra were measured using purified hNCT proteins at concentrations of 0.1--0.2 mg/ml. Spectra were collected with an 111-QS quartz sample cell (Hellma, 1 mm path length). Near-UV CD spectra were measured using 1--1.5 mg/ml detergent purified hNCT in an 1 cm path-length sample cell (Aviv). CD spectra for the secondary structure estimation were recorded on a CD spectrometer (Aviv Associates model 425) from 185 nm to 260 nm at 4 °C with a 1 nm step size and an averaging time of 9 seconds. Difference spectra for purified hNCT were obtained by subtracting the CD buffer blank (10 mM NaH~2~PO~4~, 100 mM NaF and 2 × CMC FOS14). Deconvolutions of obtained CD data were performed using CDSSTR with a reference set SMP180.

Thermal stability of hNCT was measured using the upgraded Aviv 425 circular dichroism spectrometer equipped with fluorescence emission-scanning monochromator which allows simultaneous collection of CD and fluorescence data. Additionally, fluorescence and light scattering were monitored with a fluorescence scan at 90° to the incident beam starting at the excitation wavelength. Temperature scans (from 4 °C to 98 °C) were performed at a heating rate of 1 °C per minute. CD spectra were collected with a bandwidth of 1 nm and an averaging time of 6 seconds. An excitation wavelength of 295 nm was used to selectively excite Trp. The fluorescence emission spectra were collected from 450 nm to 300 nm with a bandwidth of 2 nm and an averaging time of 1 second. The raw data were smoothed and analysed using Origin 8 software.

Pull-down assays of hNCT and APPC100
------------------------------------

The detergent purified hNCT was obtained as described above. APPC100 was purified as described elsewhere[@b47][@b48]. Protein or protein mixture was incubated at 4 °C for 2 hours with Ni-NTA agarose (Qiagen) or overnight with anti-DYKDDDDK G1 affinity resin (GeneScript^®^). The Ni-NTA resin was washed and the hNCT-APPC100 eluted from Ni-NTA with 250 mM imidazole as described for the hNCT purification. For the protein bound to anti-DYKDDDDK G1 affinity resin, excessive washing buffer (20 mM HEPES, pH 7.4, 150 mM NaCl, 2 × CMC FOS14) was applied to remove the unspecific binding of hNCT. The APPC100-hNCT sub-complexes were eluted from flag resin with 100 mM glycine, pH 2.5, and neutralized with 0.1 volumes of 1 M HEPES, pH 9. The elution fractions were collected in three fractions with 1 × CV each fraction. Samples from the loading and washing steps were normalized for concentration and loaded to the SDS-PAGE. Concentrated elution fractions were analysed using SDS-PAGE by blue-silver staining or immunoblotting.

MST analyses
------------

MST analysis was performed using NanoTemper Monolith NT.115, as recently described[@b42][@b49]. Purified hNCT or APPC100 were fluorescence-labeled using the NanoTemper protein labeling kit RED-NHS. The labeling procedure was performed at 4 °C overnight. 20 nM of NT647-labeled hNCT was incubated with different concentrations of APPC100 (from 1 nM to 40 μM) and loaded into Monolith NT Capillaries. In the reverse experiments, 40 nM of NT647-labeled APPC100 was titrated by 0.2 nM to 10 μM of hNCT. Measurements were performed at 20 °C by using 40% LED power and 40% IR-laser power. Thermophoresis analyses were also carried out on 20 or 60% LED power and 40% IR-Laser power for comparison.
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![Detergent screening for solubilisation of hNCT.\
The efficiency of 10 different detergents in solubilising hNCT from *E. coli* membranes was compared. The supernatant (SN) and pellet (P) fractions after solubilising equivalent membrane aliquots were subjected to anti-His tag western blot analysis for hNCT detection (72-kDa marker labelled). Detergents were used at 1% concentration (w/v), except the following: 2% n-Nonyl-β-D-glucopyranoside (NG), n-Octyl-β-D-glucopyranoside (OG) and CHAPSO. As a positive control, N-Lauroylsarcosine sodium salt (NLS) was used to show complete solubilisation of hNCT. LDAO: N, N-Dimethyl-dodecylamine-N- oxide; DDM: n-Dodecyl-β-D-maltoside; FOS: FOS-choline detergents.](srep44297-f1){#f1}

![Stability and secondary and tertiary structure of hNCT.\
(**a**) Far-UV circular dichroism and (**b**) fluorescence spectra of FOS14 purified tetrameric hNCT. For clarity, spectra are shown only for every 20 °C. An additional spectrum was taken after the samples were cooled back to 4 °C (purple). The minima of CD spectra (208 nm and 222 nm) and the maxima of fluorescence are marked with dash lines. (**c**) Tertiary structure assessment by near-UV CD spectra at 20 °C, 50 °C, 70 °C and 90 °C. (**d**) Blue-silver stained SDS-PAGE and western blot of the hNCT sample applied before (Lane 1 and 3) and after (Lane 2 and 4) the thermal stability measurement. (**e**) Thermal transition of secondary structure elements (helix to strand) calculated from deconvolution of far-UV CD-spectra. (**f**) Temperature-induced protein unfolding (based on the far-UV CD signals at 208 nm for secondary structure and near UV CD signal at 290 nm for tertiary structure).](srep44297-f2){#f2}

![Interaction between hNCT and APPC100.\
Pull-down assays of hNCT and APPC100 using Flag resin (**a**--**c**) and Ni-NTA agarose (**d**). Anti-His western blot of FOS14 purified hNCT incubated with empty Flag resin (**a**) or APPC100 pre-coated Flag resin (**b**). (**c**) Anti-Flag western blot of APPC100. (**d**) Blue-silver staining of the elution fractions from Ni-NTA agarose (15% SDS-PAGE). L and FT indicated loaded sample and flow-through. W and WF indicated washing steps with samples taken at first and final washing step. E1 to E3 indicated three elution fractions. The presence of hNCT and APPC100 is indicated by a black arrow; black open star indicates APPC100 dimer. (e) MST data for the binding of detergent purified hNCT to APPC100 (native hNCT in black, 95 °C denatured hNCT in red). Data were plotted as normalized signal change as a function of ligand-protein concentration. The error bars represent the s.d. of each data point calculated from three independent thermophoresis measurements.](srep44297-f3){#f3}

![Model of NCT-mediated substrate-recognition and substrate translocation.\
In γ-secretase, NCT may involve in the formation of an initial substrate docking site (**a**) and the cleavage site (**b**), where the translocated substrate is processed by the catalytic subunit Presenilin. All subunits of the γ-secretase complex are illustrated in the cartoon according to their relative position in the cell membrane (simplified to two black lines): APH-1 (dark grey), Nicastrin (green), Presenilin NTF and CTF (grey), and PEN-2 (pink). The γ-secretase substrate is shoen in orange. The potential interaction site between Nicastrin and the substrate in the ECD of NCT is presented in triangle (light blue).](srep44297-f4){#f4}
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